ABSTRACT: Virtual stress testing (VST) provides a non-invasive estimate of the strength of a healing bone through a biomechanical analysis of a patient's computed tomography (CT) scan. We asked whether VST could improve management of patients who had a tibia fracture treated with external fixation. In a retrospective case-control study of 65 soldier-patients who had tibia fractures treated with an external fixator, we performed VST utilizing CT scans acquired prior to fixator removal. The strength of the healing bone and the amount of tissue damage after application of an overload were computed for various virtual loading cases. Logistic regression identified computed outcomes with the strongest association to clinical events related to nonunion within 2 months after fixator removal. Clinical events (n ¼ 9) were associated with a low tibial strength for compression loading (p < 0.05, AUC ¼ 0.74) or a low proportion of failed cortical bone tissue for torsional loading (p < 0.005, AUC ¼ 0.84). Using post-hoc thresholds of a compressive strength of four times body-weight and a proportional of failed cortical bone tissue of 5%, the test identified all nine patients who failed clinically (100% sensitivity; 40.9% positive predictive value) and over three fourths of those (43 of 56) who progressed to successful healing (76.8% specificity; 100% negative predictive value). In this study, VST identified all patients who progressed to full, uneventful union after fixator removal; thus, we conclude that this new test has the potential to provide a quantitative, objective means of identifying tibiafracture patients who can safely resume weight bearing. ß
Orthopedic injuries to the extremities comprise up to 70% of all battlefield casualties from recent conflicts. 1, 2 A commonly seen and challenging injury is the comminuted, open tibia fracture with or without a segmental defect, typically resulting from a highenergy blunt or penetrating mechanism. 3, 4 This combination of extensive bone and soft tissue injury presents the surgeon and patient with two challenging options: limb salvage or amputation, both of which have significant long-term sequela that greatly impact the patient's overall functional outcome. 5 In the case of limb salvage, circular external fixators help provide structural stability, minimize iatrogenically induced soft-tissue trauma, and allow for successful fracture healing, and bone and soft tissue regeneration. [6] [7] [8] Limb salvage requires a prolonged treatment course that is physically and emotionally demanding to both the patient and the treating surgeon. 9 Complications, such as refracture or malunion after frame removal, can create significant psychological distress and pain for the patient. Renewed discussions of continued salvage versus amputation often follow this type of adverse event. [10] [11] [12] The method most widely used to monitor fracture healing involves subjective interpretation of clinical exams and radiographic evaluations. A clinical evaluation may also include programmed destabilization, which shifts load from the frame to the injured bone during weight bearing by loosening or removing portions of the frame. Increased pain, deformity, and radiographic evidence of refracture are all considered failures of programmed destabilization. Currently, there are few objective measures to evaluate the biomechanical integrity of a healing fracture and to assist with treatment decisions such as frame removal, programmed destabilization, or additional surgical interventions. 13 Virtual stress testing (VST) is a biomechanically based non-invasive bone strength assessment tool which combines medical image processing of computed tomography (CT) scans and biomechanics, as well as the established engineering structural analysis technique of finite element modeling. 14 The finite element technique, ubiquitous in engineering design and analysis, has been in development in academia for the purposes of bone strength assessment for over 20 years. [15] [16] [17] [18] It has been well validated in clinical research studies and is generally more highly associated with osteoporosis fracture risk at the hip and spine than is bone mineral density [18] [19] [20] [21] [22] [23] [24] [25] [26] and is cleared by the Food & Drug Administration for fracture risk assessment in osteoporosis applications. 27 The purpose of our study was to determine if VST, when applied to severe tibia fractures treated with external fixation, could objectively identify patients whose degree of healing was sufficiently advanced to allow safe removal or destabilization of the fixation hardware.
METHODS

Study Population
This non-interventional retrospective case-control study of patient CT scans and associated clinical outcomes pertained to male and female military health care beneficiaries 18-65 years of age who underwent surgical treatment of a fractured tibia with a circular external fixator and who received a CT scan of their healing bone some time prior to removal of the fixator. Patients were treated from 2003 through 2012 at either Walter Reed National Military Medical Center or San Antonio Military Medical Center. Institutional review board approval and waiver of informed consent was obtained for this diagnostic study of Level of Evidence 3 prior to review of any patient data. Patients were identified using each military institution's surgical database. Patients' age, sex, height, and weight prior to frame removal or programmed destabilization, and nature of injury (open vs. closed) were obtained by review of each patient's clinical record (Table 1) .
Description of Treatment
As part of their clinical care, all patients underwent placement of a ring external fixator. Postoperatively, the patients were encouraged to walk as soon as tolerable with full weight-bearing. Delayed bone-grafting or distraction osteogenesis was performed for bone defects or cases of extensive comminution. All patients were enrolled in aggressive physical therapy and rehabilitation programs to optimize their knee and ankle range of motion and lower extremity strength while in the frame. When osseous consolidation appeared evident on orthogonal radiographs, a CT scan was obtained of the patient's healing tibia. Circular external fixators then underwent programmed destabilization by unlocking the struts or by sequentially removing a single strut of the patient's frame each day. Following a period of pain free weight-bearing after such destabilization and/or the surgeon's interpretation of bony union on radiographs and/or CT scans, external fixators were removed under conscious sedation.
Clinical Outcomes
The main clinical outcome for this analysis was the occurrence of "clinical failure," defined as refracture, nonunion, progressive malunion (progressive angular deformity), retightening of the frame after destabilization, or the performance of an unanticipated bone grafting procedure. Medical records and radiographs were reviewed to characterize clinical outcomes approximately 2 months after initiation of programmed destabilization or after frame removal if no destabilization was performed. This time frame was selected to identify adverse events directly related to the resumption of load bearing while minimizing inclusion of events with a different underlying etiology. Medical records were also assessed to determine if a surgical or infectious 28 complication occurred during treatment. The military healthcare system afforded a 100% follow-up rate of patients after frame removal.
Imaging
Computed tomography scans of the lower limbs, taken prior to frame removal as part of the patient's clinical management, were collected retrospectively from imaging databases. The time from scan acquisition to frame removal ranged from 0 to 120 days (mean AE SD ¼ 24.0 AE 21.8 days). Scans were acquired using a wide range of scanner settings, typically at 120-140 kVp with exposures ranging from 50 to 480 mAs; seven different CT scanners were used, including models from GE Healthcare, Philips Healthcare, Siemens Healthcare, and Toshiba Medical Systems. Reconstructions used a variety of soft and sharp kernels, slice thicknesses (0.625-3.0 mm), and fields of view (147-167 mm).
Virtual Stress Testing
Virtual Stress Testing was performed at a central facility using customized image-processing and finite element analysis software (O.N. Diagnostics, Berkeley, CA). A metal artifact reduction algorithm 29 was applied to reduce interference from the fixator (Fig. 1) . A phantomless calibration was applied to convert gray-scale values to equivalent bone mineral density (BMD, in mg/cm 3 ). The tibia and fibula in the injured leg were segmented from the image by applying a two-dimensional active contour segmentation algorithm to each transverse slice of the CT scan. The segmented bones were then oriented into an anatomically vertical position and resampled into 1 mm cubed voxels. Finite element models were constructed of the injured limb on each side of the fracture between the closest pins of the fixator ( Fig. 1 ) by converting each image voxel into an eight-noded hexahedral element. To simulate the entire lower limb from knee to ankle, rigid kinematic elements connected nodes on the top and bottom of this finite element mesh to points at the center of the knee and ankle joint, respectively. All bone elements including callus were assumed to be either cortical bone (defined as BMD ! 693 mg/cm 3 ) or trabecular bone and assigned material properties based on BMD values. 23, [30] [31] [32] [33] [34] Material behavior was modeled as elastic-perfectly-plastic with von Mises type failure criterion with an asymmetric yield surface having a higher strength in compression than tension. 35, 36 Compression and torsion loading were investigated for each model. To simulate in vivo forces applied on the lower limb, we modeled the knee and ankle anatomy as pin joints. Rotations were unrestricted except rotation about the vertical axis at the ankle. Compression was applied by displacing the knee joint vertically a distance equal to 1% of the height of the hexahedral mesh. Torsion was applied by rotating the knee about the vertical relative to the ankle a number of degrees equal to 0.06 times the height of the hexahedral mesh. These load levels were sufficient to cause tissue-level failure and obvious non-linear behavior in the overall force-deformation or torque-angle curve. Results from an anterior shear loading condition are not presented as it did not improve performance compared to the other loading conditions.
For each loading condition, there were two main outcomes, a measure of whole-bone strength and a measure of the amount of failed bone tissue at the point of whole-bone failure. Bone strength was estimated as the load on the forcedeformation or torque-angle curve at the prescribed displacement, and was reported in absolute terms and as a multiple of body weight. The amount of failed bone tissue at the point of whole-bone failure was defined as the volume proportion of bone tissue experiencing a plastic strain of at least 1.0%. Because substantial tissue failure on any single transverse section can produce whole-bone failure, we also identified the transverse slice having the highest proportion of tissue damage and reported the proportion of failed bone tissue on that slice. For this latter measurement, we investigated failure in all bone tissue as well as in cortical tissue only.
Statistical Analysis
Logistic regression was used to relate the various metrics to failure status (fail vs. control), and statistically significant (p < 0.05) predictors were ranked based on the area under the curve (AUC) from a receiver-operator-characteristic analysis. For the highest-ranking strength metric and the highest-ranking failed tissue metric, we identified threshold values to categorize patients as being at high risk of clinical failure. These thresholds were then used to calculate sensitivity, specificity, and negative and positive predictive values. Logistic regression was also used to investigate any association between clinical failure versus age, height, weight, body mass index, smoking status (non-smoker vs. smoker), the amount of time in the fixator, and the amount of time between the CT scan and fixator removal. Results were pooled for both sexes. All analyses were performed using JMP (version 5.0; SAS Institute, Inc. Cary, NC).
RESULTS
Scans for 65 out of 67 potentially eligible patients were included in the analysis. One patient scan was excluded because an unknown post-reconstruction filter had been applied to the CT scan, making quantitative analysis unreliable, and one scan did not extend over the entire fracture region of the bone. For the 65 patients included in the study-64 men and 1 woman-15 complications during frame treatment were noted (Table 2) .
Nine patients (13.8%) were identified as experiencing a clinical failure (Table 3) : five patients with progressive malunion, three cases of unanticipated bone grafting, and one patient sustained a refracture. Logistic regression revealed two metrics that were highly associated with clinical failure status ( Table 4) . Of the various failed tissue metrics associated with treatment outcomes, the most successful was the proportion of failed cortical bone tissue in a crosssection in torsion (AUC ¼ 0.84, p < 0.005) (Fig. 2) . Patients with low values of this metric were at increased risk of clinical failure; for these patients, the finite element models predicted whole-bone failure after only a small accumulation of tissue damage. The single failure patient with a markedly higher proportion of failed cortical bone tissue was the only refracture patient in the study and was also the heaviest patient (123 kg), having a body mass index of Retrospectively identified thresholds for the proportion of failed cortical bone tissue and compressive strength successfully identified all nine patients with clinical failure, with a high degree of specificity (Fig. 3) . A positive test was retrospectively defined as either a proportion of failed cortical bone tissue in a cross-section (torsion loading) of below 5% or a compressive strength of less than four times body weight. At 100% sensitivity, this combined diagnostic indicator demonstrated a specificity of 76.8% (Table 5 ) and positive and negative predictive values of 40.9% and 100%, respectively. Although the Kappa statistic was modest (0.48, SE ¼ 0.11), the percent agreement (total number of agreements between test and clinical outcomes, positive or negative) was high (80%, 52 of 65 patients). While the proportion of failed cortical bone tissue identified most patients with clinical failure, combining this metric with the strength metric in an either-or fashion, compared to using the proportion of failed cortical bone tissue alone, improved sensitivity from 88.9% to 100% without changing specificity (76.8%) (Fig. 4) . 
DISCUSSION
Our positive findings-100% sensitivity with 78% specificity in identifying patients who went on to clinical failure-demonstrate a potential clinical utility of VST in the management of fracture patients. Highgrade open fractures, whether civilian or military, are serious injuries with a high risk of complications and future disability. 4, 5, 11, 37 Circular external fixation has proven to be a useful and effective treatment modality for these injuries. 6 One of the most important aspects in the management of these patients is the decision regarding when to remove the external fixator construct. This decision is typically made based on the treating surgeon's interpretation of fracture healing as observed on radiographs or CT imaging. This interpretation is unreliable and no clear consensus exists regarding the definition of a "healed fracture." 13 CTbased finite element analysis has long been used in orthopedic biomechanics research to estimate bone strength [15] [16] [17] 24 and, more recently, in clinical applications to assess osteoporotic treatments. 27, [38] [39] [40] To our knowledge, our retrospective study represents the first attempt to evaluate the ability of CT-derived VST to provide an objective prediction of clinical failure associated with fracture healing. Our results demonstrate that this new test has the potential to provide a quantitative, objective means of identifying the majority of tibia-fracture patients who can safely have their fixator frame removed.
The virtual stress test quantifies the structural stability of a healing bone based on measures of bone strength and the amount of failed tissue at the point of whole bone failure. While it is clear that a higher strength corresponds to increased stability, interpretation of the failed tissue metric is less intuitive. A bone that continues to perform its load-bearing function after a substantial amount of tissue failure is structurally stable, whereas a bone that fails after a small amount of tissue failure is not. Thus, a low value for a failed tissue metric denotes an instability in which failure of the whole bone occurs after local failure of only a small amount of tissue. Retrospectively identified thresholds for two outcome metrics demonstrated 100% sensitivity and 76.8% specificity for identification of patients at high risk of failure (open circles, n ¼ 9). These thresholds were set at 5% for the proportion of failed cortical bone tissue under torsional loading, and four times body weight for whole bone strength under compression. 
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The promising nature of these results indicates that additional studies involving a larger number of patients are warranted to further establish clinical utility. Our virtual stress test successfully identified all patients who experienced clinical failure when we used a retrospectively chosen set of interventional thresholds, for two combined outcome metrics. Realizing that these thresholds require prospective validation in additional studies, the negative predictive value of 100% suggests that VST could have a role in clinical decision-making primarily by providing an objective basis with which to determine when a fixator can be removed safely-patients who test negative could confidently have the fixator removed. By contrast, using these thresholds, the test had a false positive rate of 23.2%. Thus, for a positive test result, the surgeon might best consider that result inconclusive. However, additional studies are needed to better define and validate these clinical thresholds.
Our current results are notable in that the analysis used previously obtained CT scans from clinical management of these patients. The scans were acquired without specialized imaging protocols on multiple different CT scanners by different technicians in different clinical settings over multiple years. This heterogeneity in the imaging conditions suggests generality and wide applicability of the study findings in terms of the technical aspects of the imaging.
Our experience builds on previous clinical research that has established the need for improved clinical assessment of fracture healing and has suggested the efficacy of a biomechanical approach. Due to the typical segmental nature or complex fracture morphology of injuries requiring circular external fixation, most previous protocols regarding circular external fixation typically used a combination of physical examination, frame destabilization, and interpretation of radiographs when making the decision to remove the external fixator.
6,41 Our cohort's 13.8% clinical failure rate compares closely to other military populations in the United States and Europe with similar fractures treated with this modality and protocol. 6, 42 In a unique biomechanical protocol, Richardson et al. reported on an objective measurement of bone healing in 212 civilian patients with tibia fractures treated using external fixation. 43 Their assessment involved performing direct physical biomechanical loading of the fracture site to provide an estimate of bone stiffness. They reported a 0% refracture rate upon reaching a stiffness value of 15 Nm/ degree, compared to an 8% rate when the decision was made on clinical grounds alone. While suggesting the potential efficacy of a single biomechanical threshold, the Richardson method is limited by requiring physical stress testing on actual patients, which introduces a risk of injury to the patient and which may also be painful. Our test provides a non-invasive analog of the Richardson test, and confirms that a quantitative biomechanical evaluation of fracture healing, with discrete thresholds, indeed has clinical potential. This study has some limitations. As noted above, as a result of its retrospective design, our thresholds require prospective validation in future studies. Given the exploratory nature of the study design, a statistical adjustment for multiple comparisons was not included. It would be desirable in any future study to better standardize the imaging protocol, and include coverage of the entire tibia-in the current study the region of imaging varied across patients and it is not clear if such variations, or differences in scanning protocols, contributed to scatter in our results. Second, patients were only included in our study if they had a CT scan performed prior to frame removal or destabilization. This approach potentially excluded patients who were classified as "healed" based on radiographs alone. However, it has been standard practice at both of our institutions to obtain a CT scan prior to frame removal for most patients and thus exclusion of any non-CT patients is unlikely to bias our comparison of failure versus control patients in this study. Third, our study included only a small number of patients, as well as a small number of clinical failures. Those small numbers compromise statistical power, increasing uncertainty in the estimation of the any thresholds. Lastly, all patients were military service members, which is a unique segment of the general population comprised typically of high-functioning patients with active lifestyles.
In summary, we found that CT-derived VST of patients undergoing circular external fixation successfully identified which patients would experience clinical failure after weight bearing and which patients would progress to uneventful union. Its refinement and eventual application into clinical decision-making at the time of frame removal may improve clinical management of patients with severe tibial fractures.
AUTHORS' CONTRIBUTIONS
JLP, GTH, DLK, LJN, TMK, JRH contributed to study design; JLP, LJN, JRH, STReC contributed to data collection; GTH, DLK, PFH contributed to data analysis; JLP, DLK, LJN, TMK, JRH contributed to results interpretation; and JLP, DLK, TMK, JRH contributed to manuscript preparation. All authors have read and approved the final submitted manuscript.
